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Abstract 
In a comparative approach, a life cycle assessment for the production phases of two different CO2-capture facilities was 
made. Amine wash facilities are currently the most discussed way to capture CO2 in the post-combustion technology 
route. An equally promising competing technology uses polymeric membranes to extract CO2 from the flue gas. 
Additionally to the examination of the different production processes, the results were comparatively placed into an 
approximate life cycle analysis. The results for the membrane facility scenarios vary broadly. All of the investigated 
factors (e.g. laboratory/large scale membrane production; steel usage and membrane area demand) have a significant 
effect on the emissions. The best case scenario with low membrane area and steel demand presents a competitive 
capacity to the reference amine wash case. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
In order to meet the international targets to reduce the emissions of the greenhouse gas carbon dioxide 
(CO2), many different technology routes are currently being explored. 
The “Carbon Capture and Storage” technology (CCS) is one widely discussed approach. Its target is to first 
separate CO2 from the flue gas of fossil fuel powered power plants, then transport it to an adequate storage 
site and finally inject it deep underground. Stored like this it will not add to the greenhouse effect for 
thousands of years.  
As a separation technology, the amine-wash method is probably the most investigated approach. Another 
promising method is the implementation of a membrane facility. Both are new applications in the energy 
sector and there is basically no experience with a large scale operation. A substantial amount of research is 
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currently being invested into the improvement of both approaches and technology boundaries and 
potentials are being investigated. A Life Cycle Assessment (LCA) can be an important tool in guiding 
these investigations in the directions needed. 
2. Method 
LCAs can give indications towards possible environmental problems, early in the research and 
development phase. Using their results, it is possible to detect probable environmental contaminations due 
to a product or a process and to find the source of that contamination. It is also possible to determine if a 
supposedly eco-friendly technology fulfils its purpose. 
LCAs usually investigate the life cycle phases production/erection, operation/utilisation and 
disposal/dismantling of a product. In the carried out work, only the production phase was considered. 
LCAs are carried out in three steps. First the target and the investigation borders of the analysis are 
defined. This is followed by carrying out a life cycle inventory analysis. In this step all the different energy 
and material in- and outputs of the production process are assessed. This phase presents certain difficulties, 
especially for the investigation of new products and technologies. If a product has not been produced yet, 
the energy and material flow can not be measured but only estimated or carefully calculated. Therefore it is 
a very sensitive process and a sensitivity analysis should be carried out for the arguable data.The third step 
deals with an impact assessment and the interpretation of the results. The regarded impact categories in the 
carried out work are: 
- Cumulated Energy Demand (CED)  
- Global Warming Potential (GWP) 
- Acidification Potential (AP) 
- Eutrophication Potential (EP) 
- Human Toxicity Potential (HTP) 
- Photochemical Oxidants Creation Potential (POCP) 
For the assessment and calculations, the programme GaBi [1] is utilised. The work has been carried out 
over the course of the MEM-BRAIN project which is coordinated by the Forschungszentrum Juelich, 
Germany. The analysed membranes are based on the latest results of the project, which includes 16 multi-
international partners from universities, research centres and industry. 
3. Investigated technologies 
CCS is a widely discussed approach to lower CO2 emissions while still using coal-based electricity 
production. It is viewed as an intermediate solution on the way to a sustainable energy production using 
only renewable energy.  
The technology can be divided into three steps: carbon capture, transport and storage. The carried out 
work only investigates capture processes but takes into account requirements of the following steps, e.g. 
CO2 purity. 
The capture process can be divided into three main research routes: post-combustion, pre-combustion and 
oxyfuel. The route regarded here is the post-combustion approach. It targets power plants, which have not 
necessarily been appointed to CCS from the start. Here, the flue gas from an existing regular power plant is 
stripped of CO2.  
There are several technology paths for the post-combustion approach. One of the most popular methods is 
the washing of the flue gas with an amine-solution. There are first pilot plants running with promising 
results. Another method is the separation using membranes. In the MEM-BRAIN project several new 
membranes are being developed, all with the target to be utilised in CCS capture technologies. The 
development is still in a laboratory scale stage but the results are promising.  
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4. Amine wash technology 
4.1 Mode of operation 
The principal idea of the amine wash technology is to wash the flue gas of a power plant with an 
amine/water-solution and thus strip it of its CO2. The required space and constructural effort is high. Figure 
1 shows a schematic display of the discussed separation facility. 
 
The facility is designed for a 90 % separation degree of CO2. The flue gas from the power plant (1) is 
induced into the lowest point of an absorber unit (5). In this case, the absorber unit consists of six single 
absorber towers, each over 40 metres high. In the towers, a solution of 30 % by weight of 
monoethanolamide (MEA) and 70 % by weight of water is flushed through the absorber in counter 
direction to the flue gas, starting at the absorber’s highest point. The amine in the solution reacts with the 
CO2 and thus “washes” it out of the flue gas. The towers contain filling bodies (4), which enhance the 
contact surface between the flue gas and the washing solution and therefore support the reaction. The 
stripped flue gas now contains very little CO2 and gets released into the air. The loaded amine solution gets 
collected at the bottom of the absorber and then transported to the top of the desorber unit (10). On its way 
it passes through several recuperators (7, 16) which enhance the solutions temperature. The desorber unit 
consists of 12 desorber towers, each 30 metres high. They are also equipped with filling bodies. At the 
bottom, hot water steam is channelled into the desorber towers, which is deducted from the steam circuit of 
the power plant. Due to the high resulting temperatures, the CO2 is released by the MEA and raises 
together with the steam up to the top of the columns. From there it is piped to a condenser (11) where the 
CO2 is separated from the steam by condensation. It is now ready for further transport. The deloaded 
amine solution is piped back to the absorber group and the circuit starts all over again. On its way to the 
absorbers, it runs through a recuperator (7) and a cooling unit (6) which lowers its temperature. Oxygen 
and other components of the flue gas can deactivate the MEA, therefore a washing solution filter (8) is 
included in the facility. Its purpose is to regenerate as much MEA as possible. A repository (9) stores 
additional MEA that is used to replace the MEA waste. 
 
4.2 Life Cycle Assessment approach 
The target of the analysis is to determine the results in several impact categories for an amine wash facility, 
and to compare these with the results of the  investigations of the membrane approach. Both technologies 
Fig. 1: Schematic assembly of the amine wash facility [2] 
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are following the post-combustion route, therefore they are both applications which are situated behind an 
existing power plant. Only small adjustments need to be made in each power plant, which influence its 
operation phase but not the production/erection. Therefore it is possible to disregard the actual power plant 
during the investigation. 
The next step is an inventory analysis. As there is currently no existing application in a comparatively large 
scale, some estimations had to be made. The dimensioning of several parts was done by companies, others 
have been calculated or estimated at LEE.  
The considered materials are high alloyed steel - as the amine solution is highly corrosive - and 
polypropylene, as these are the most utilised materials. Taking into account the difficult availability of data 
the results need to be viewed with a factor of uncertainty. 
The specific cumulative energy demand (ced) of the materials originate from the Ecoinvent database [3], 
which is implemented in the eco-balance program GaBi.  
Concurrently to the data for the expenditure of material, the fabrication processes of the different parts also 
need to be considered. Here, the acquisition of reliable data is very complex. The different parts of the 
facility are produced in a multi-faceted production process by different companies. Average ced-data from 
Ecoinvent for the production of high-alloyed steel products has been used instead for the steel input as a 
detailed investigation would be too complex. For the polypropylene, a factor of 15 % for the production 
defined in [4] is being used. For the erection of the facility also a factor of 15 % from [4] was utilised. 
 
4.3 Cumulated Energy Demand and Global Warming Potential results 
Table 1 shows the absolute results for the CED and GWP, divided by material used. It is clearly visible that 
the steel consumption has by far the biggest impact on the results. This is to be expected, as steel is the 
most utilised construction material. The CO2-equivalent of the GWP shows a similar fragmentation of the 
results. Especially when it comes to regular materials, this is a characteristic result. 
Table 1: CED and GWP results for the amine wash facility production phase 
Process CED 
[TJ] 
GWP 
[t CO2-eqv.] 
High alloy steel, 
production and 
processing 
822 53.136 
Polypropylene, 
production and 
processing 
13 363 
Transport 4 235 
Total 839 53.734 
5. Membrane facility 
5.1. Mode of operation 
The regarded membranes pose the latest results of the research project MEM-BRAIN for the post-
combustion approach. Here, polymeric membranes are intended to be used, which are being developed by 
researchers from the “Center for Membranes and Structured Materials” at the GKSS, Geesthacht. Since the 
start of the project in 2008, several different compositions have been designed and tested at GKSS. Their 
latest, and so far most promising, results were gained with a polyactive membrane [5]. They demonstrate 
high selectivity and good permeability for CO2. The membranes need to be integrated into modules. GKSS 
is working together with [6] on ideal module concepts. One currently existing approach is to form 
membrane bags which are then integrated into a module. 
Using the characteristics of this membrane, a multi-stage membrane system was simulated that can be used 
in a coal-fired power plant [7]. The system is suitable for the same power plant that the amine wash system 
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is dimensioned for. Several scenarios were developed by varying positions of compressors and vacuum 
pumps- Also scenarios introducing cascade systems are being analysed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By combining the results of [5] and [7], an up to date scenario was constructed and is being investigated in 
the following chapters. Its boundary conditions are 90 % separation and 95 % CO2 purity and it is being 
realised with a double cascade approach.  
The results of [7] show that there are several possible designs, each with a focus on reducing a specific 
design factor e.g. the membrane area or the energy demand of the system during the operation phase. For 
the emissions during the production phase, only the membrane area is a decisive factor. The energy 
demand on the other hand  defines the emissions of the operation phase. In order to determine the influence 
of these factors on the results, two different scenarios are being evaluated. The first one operates with a 
membrane area of 650,000 m2 for the appointed power plant. This demonstrates a case with a low demand 
of membrane area but with a high energy demand for the separation of over 250 kWh/tCO2,separated. The 
second scenario runs with 2,000,000 m2 membrane area. This leads to a reduction of energy consumption 
and results in less than 200 kWh/tCO2,separated.  
 
5.2 Life Cycle Assessment approach 
The target is to analyse a membrane system that has comparable boundary conditions to the analysed 
amine wash approach. These are a 90 % separation of CO2 together with 95 % CO2 purity. 
The inventory analysis is being staged in two steps. Step 1 is the investigation of the production process 
of the membranes. Therefore the laboratory scale production site at GKSS was studied in detail. All in- and 
outputs were assessed. This lead to very reliable results for the membrane production processes. 
Nevertheless, the investigated processes were being carried out on a laboratory scale, hence they pose a 
worst case scenario. Therefore another best case scenario was implemented, in which estimations for a 
future improvement of the production processes were made. In step 2, the set up of the membrane facility 
needed to be examined, including all components like module casings, piping, pumps and compressors. 
The data on the module casing could be obtained from [6]. All other expenditures needed to be estimated. 
As a result, the reference case is appointed with 10 kg of steel per m2 of membrane. To consider the lack of 
accuracy and to determine the effects that an enhanced or reduced steel usage would have on the results, 
two other cases are being regarded. The first one is a reduction of the steel usage by 50 %, the second is an 
increase by 50 %. Table 2 gives an overview of the regarded scenarios. 
 
 
 
 
Fig. 2: Membrane cascade system [7] 
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Table 2: Membrane-scenario overview 
scenario 
steel cons. [kg steel / 
m2 membrane] 
membrane area [m2 
membrane] 
number of 
modules
membrane 
production 
BC 10 kg 2 mill m2 10 2,000,000 33,333 industrial production 
BC 10 kg 0.65 mill m2 10 650,000 10,833 industrial production 
BC 5 kg 2 mill m2 5 2,000,000 33,333 industrial production 
BC 5 kg 0.65 mill m2 5 650,000 10,833 industrial production 
BC 20 kg 2 mill m2 20 2,000,000 33,333 industrial production 
BC 20 kg 0.65 mill m2 20 650,000 10,833 industrial production 
WC 10 kg 2 mill m2 10 2,000,000 33,333 laboratory scale 
WC 10 kg 0.65 mill m2 10 650,000 10,833 laboratory scale 
WC 5 kg 2 mill m2 5 2,000,000 33,333 laboratory scale 
WC 5 kg 0.65 mill m2 5 650,000 10,833 laboratory scale 
WC 20 kg 2 mill m2 20 2,000,000 33,333 laboratory scale 
WC 20 kg 0.65 mill m2 20 650,000 10,833 laboratory scale 
 
5.3 Cumulated Energy Demand and Global Warming Potential results 
As stated in chapter 3.2.2, the available data for the investigations is incomplete. To investigate the effects 
which the set assumptions can have on the results, several scenarios are analysed. Figure 4 gives an 
overview of the total results. The CED results for the membrane scenarios vary strongly and range between 
800 TJ and 10,000 TJ. 
 
 
Fig. 3: CED results for different scenarios of membrane 
facility production 
 
4: CED results divided by input groups, scenario BC 10 kg 2 
mill m2 
The worst case scenarios (blue) have a significantly higher CED than their corresponding best case 
scenarios (yellow). This is due to the expected improvement from laboratory scale to industrial production, 
which consists mainly of a reduction of electricity consumption due to waste heat recovery. The values for 
the GWP indicate a similar behaviour because the electricity consumption is intimately linked with fossil 
fuel consumption and therewith also with the GWP. Furthermore, the results vary strongly with changing 
membrane area and steel consumption which means that both factors have a crucial impact on the CED.  
Figure 4 clearly demonstrates the apportionment of the different material groups of the results based on the 
scenario “BC 10 kg 2 mill m*”. The steel is used for the modules and the infrastructure, the other material 
groups originate from the membrane production. 
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6. Comparison of results 
Figure 5 shows the absolute results for all regarded impact categories for the amine wash facility 
investigation and two different scenarios for the membrane facility investigation. 
Apart from the already examined categories CED and GWP, the category HTP shows in all cases 
comparitively high results. This is caused due to the high usage of steel and the adjunctive emissions 
during its manufacturing processes. The categories AP, POCP and EP on the other hand, only show very 
low absolute results.  
 
 
Fig. 5 Absolute results of different scenarios for all impact 
categories 
 
Fig. 6: Normalised results of different scenarios for all 
impact categories 
 
Figure 5 also demonstrates, that the worst case scenario with high membrane area and steel demand leads 
to very high emissions in several categories in comparison to the amine wash facility. The best case 
scenario with low membrane area and steel demand on the other hand presents slightly lower emissions 
than the reference amine wash case. 
All other scenarios vary between the results of the demonstrated membrane-scenarios. 
However, it needs to be considered, that the absolute results of the different categories can not necessarily 
be compared with each other. If the masses of two different emissions show a certain proportion it does not 
mean that the impacts in these categories show a similar proportion. For example 1 kg of CO2-eqv. is not 
imperatively as harmful in the GWP-category as 1 kg of DCP-eqv. in the HTP category. 
Therefore a normalisation is made. The calculated absolute figures of every impact category are correlated 
to the total equivalent of the according emissions in Germany. The result is a proportion for each impact. 
Now the different category results can be compared by quantifying their possible effect on German 
emissions. Figure 6 shows the results (CED excluded).  
 
Here, the POCP-category shows higher results and the AP category is also not negligable. The high results 
in the Human Toxicity Potential remain the same. 
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7. Conclusions and Outlook 
The results for the membrane facility scenarios vary broadly. All the investigated factors (worst case / best 
case membrane production; steel usage; membrane area demand) have a significant effect on the emissions.  
When comparing these with the results of the amine wash facility, it becomes apparent that membrane 
development needs to focus on the following improvements: 
- Low steel usage: As the membrane facility is accompanied by a high structual expenditure, the 
dimensioning of the facility-parts needs to be optimized. 
- As the steel expenditure is linked to the membrane area needed, permeability and selectivity of the 
membranes need to be optimized to realise as small membrane material input and steel usage as 
possible. 
The acquisition of data for a product that does not exist in this form yet turned out to be very difficult and 
is based mostly on estimations. Therefore a reassessment should be considered when first facilities in the 
according size are implemented. 
Further investigations need to address the other life cycle phases of the analysed facilities. Especially the 
operation phase with its high energy demand needs to be evaluated carefully. Also, the correlation between 
the energy demand and the facility size and its influence on the emissions in the erection and operation 
phases demands further research. 
Furthermore the investigations showed, that a normalization is an important tool, to place the results into 
an overall picture and to make a comparison between the different impact categories possible. 
 
8. Acknowledgement 
Supported by the Helmholtz Alliance MEM-BRAIN funded by the Initiative and Networking Fund of the 
Helmholtz Association. 
 
9. References 
[1] GaBi 4, Software and database for holistic analysis, LBP University Stuttgart and PE 
INTERNATIONAL GmbH, 2007. 
[2] Stefanie Weber (Troy), CO2-Abscheidung mittels Aminwäsche, BWK, 61, 5 (2009), pp. 10-14. 
[3] Ecoinvent, Database Version 2.01 implemented in GaBi 4.3, Swiss Centre for Life Cycle Inventories, 
LBP University Stuttgart and PE International, 2007. 
[4] Norbert Feck, Monte-Carlo Simulation bei der Lebenszyklusanalyse eines Hot-Dry-Rock-Heizwerkes, 
1st Ed., Ruhr-University Bochum LEE, 2008. 
[5] W. Yave, A. Car, S.S. Funari, S. Nunes, K.V. Peinemann, CO2-Philic Polymer Membrane with 
Extremely High Separation Performance, Macromolecules, 43 (2010) pp. 326–333. 
[6] GMT Membrantechnik GmbH, Rheinfelden, Germany. 
[7] L. Zhao, R. Menzer, E. Riensche, L. Blum, D. Stolten, Concepts and investment cost analyses of multi-
stage membrane systems for carbon dioxide recovery in post-combustion processes, Energy Procedia, 1 
(2009) 269-278.. 
 
S.V. Troy, H.-J. Wagner / Energy Procedia 4 (2011) 480–487 487
